The IT-insulin/target of rapamycin (TOR)-signal transduction pathway is a relatively well-characterized pathway that plays a central role in fundamental biological processes. Network-level analyses of DNA divergence in Drosophila and vertebrates have revealed a clear gradient in the levels of purifying selection along this pathway, with the downstream genes being the most constrained. Remarkably, this feature does not result from factors known to affect selective constraint such as gene expression, codon bias, protein length, and connectivity. The present work aims to establish whether the selective constraint gradient detected along the IT pathway at the between-species level can also be observed at a shorter time scale. With this purpose, we have surveyed DNA polymorphism in Drosophila melanogaster and divergence from D. simulans along the IT pathway. Our network-level analysis shows that DNA polymorphism exhibits the same polarity in the strength of purifying selection as previously detected at the divergence level. This equivalent feature detected both within species and between closely and distantly related species points to the action of a general mechanism, whose action is neither organism specific nor evolutionary time dependent. The detected polarity would be, therefore, intrinsic to the IT pathway architecture and function.
Introduction
Understanding the causes and processes underlying molecular adaptation is one of the major challenges in evolutionary biology. It will not only increase our understanding of nature but it is also behind many medical issues such as human disease, bacterial virulence, antibiotic resistance, and host-pathogen interactions (e.g., Kelley and Swanson 2008; Sella et al. 2009; Pritchard and Di Rienzo 2010) . The identification of selectively constrained genomic regions (i.e., evolving under negative or purifying selection) is also essential because conserved regions are more likely to be functionally important (e.g., Kimura 1983; Sella et al. 2009 ). Currently, there is a plethora of methods and tests to detect the action of positive and negative selection from DNA and protein sequence variation (Rosenberg and Nordborg 2002; Nielsen 2005; Nielsen and Beaumont 2009) . They can be classified into three groups, those using: 1) polymorphism within species, 2) divergence between species, and 3) variation both within and between species. Polymorphism-based methods typically use single-nucleotide polymorphisms and haplotype frequencies, as well as linkage disequilibrium information, which are analyzed under the coalescent framework (Nordborg 2007; Stephens 2007; Rozas 2009 ). Most divergence-based methods rely on the comparison of synonymous and nonsynonymous divergence levels (Yang 2001) . The third group of methods usually combines the first two approaches (Nielsen 2005; Rozas 2009 ).
The evidence for selection provided by available methods is sometimes inconclusive due to confounding factors. For instance, the effects of natural selection and demographic factors can be difficult to disentangle using polymorphism-based tests (Thornton et al. 2007; Pavlidis et al. 2008) . On the other hand, divergence-based approaches often have difficulties to distinguish between positive selection and relaxation of selective constraints (Andolfatto 2005; Arbiza et al. 2006) . Furthermore, the full understanding of adaptive changes would require detailed knowledge of the effect of these changes on the phenotype and of their evolutionary consequences. However, it is still very difficult to establish the link between genotype and phenotype as phenotypes often emerge from the interaction among several genes as well as from their interaction with the environment. Therefore, evolutionary analyses aiming to unveil the impact of natural selection on this complex landscape should integrate the available information of the interaction network. The analysis of molecular pathways within an evolutionary framework can thus provide critical insight into molecular function and adaptation (for review, see Cork and Purugganan 2004; Eanes 2011; Zera 2011) .
The structure of the IT-insulin/target of rapamycin (TOR)-signal transduction pathway is relatively well characterized in a number of organisms, including Drosophila melanogaster. This pathway plays a central role in fundamental biological processes including metabolism, growth, reproduction, and aging (Oldham and Hafen 2003; Giannakou and Partridge 2007; Taguchi and White 2008) . Accordingly, its function and components are highly conserved across metazoans (Skorokhod et al. 1999; Oldham and Hafen 2003; Kirkness et al. 2010 ). This signal transduction pathway is, therefore, a good system to study the relationship between pathway architecture and selective constraint levels. Alvarez-Ponce et al. (2009) performed a network-level analysis of divergence in Drosophila and found few signals of positive selection. Remarkably, this study showed a clear gradient in the levels of purifying selection along the pathway, with the downstream genes being the most constrained. This polarity occurs in the opposite direction than that observed in other pathways (for review, see Cork and Purugganan 2004; Zera 2011) . The polarity detected in the IT pathway, furthermore, does not result from factors known to affect selective constraints such as gene expression, protein length, codon bias, and connectivity. Recently, the network-level analysis comparing divergence estimates of the IT pathway genes across six vertebrate species yielded similar results (Alvarez-Ponce et al. 2011 ). This study demonstrates that the polarity detected in Drosophila is neither specific nor incidental to this genus.
In the present study, we aim to establish whether the gradient in the strength of purifying selection detected in the Drosophila IT pathway at the between-species level (Alvarez-Ponce et al. 2009) can also be observed at a shorter time scale, that is, at the within species or polymorphism level. The neutral theory of molecular evolution (Kimura 1983 ) predicts a positive correlation between polymorphism and divergence levels, whereas a negative correlation is expected under some positive selection scenarios (Wagner 2008) . Therefore, if purifying selection was the major selective force acting differentially along the IT pathway, levels of polymorphism and divergence should exhibit the same polarity. The present approach combines the analysis of polymorphism and divergence, which overcomes some of the difficulties associated with their separate analysis. It can allow us, for example, to better understand the role that positive selection might have played in the evolution of the IT pathway. Moreover, it may allow establishing whether the evolutionary forces that shaped DNA variation along the pathway over long periods of time-leaving their footprint in the levels and patterns of divergence-have also been operating in the recent past and have thus left their footprint at the within-species level. With this aim, we have analyzed levels and patterns of DNA polymorphism in D. melanogaster and divergence from D. simulans across 13 genes involved in the IT pathway. These genes include the main elements of the insulin signal transduction pathway, from the insulin receptor (InR) to the ribosomal protein S6 (RpS6) ( fig. 1) . Our network-level analysis of DNA polymorphism shows the same polarity in the strength of purifying selection as previously found at the DNA divergence level in both Drosophila and vertebrates (Alvarez-Ponce et al. 2009 . The observation of the same polarity at very different time scales suggests the action of a general mechanism and illustrates how the architecture of the pathway constrains the evolution of its individual components.
Materials and Methods

Drosophila Strains and DNA Sequences
Thirteen D. melanogaster isochromosomal lines for the X, second, and third chromosomes were used. These lines were obtained from isofemale lines established upon collection in Sant Sadurníd'Anoia (Catalonia, Spain) by a series of crosses with balancer stocks for chromosomes X, II, and III: FM6, y 31d sc 8 dmB/l(1)X10, y w; sco/SM6b; and TM6B, Tb/MKRS, respectively. The isochromosomal lines for the second chromosome were obtained and kindly provided by E. Viràgh and I. Kiss.
Genomic DNA was extracted from each isochromosomal line using a modification of protocol 48 in Ashburner (1989) . For each gene, the region amplified and sequenced generally includes the coding region and introns as well as the 5# and 3# flanking noncoding sequences. Amplification and sequencing primers were designed using the reference D. melanogaster sequence (release 4.2; Adams et al. 2000) . 
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Amplified products were purified as described in Dean et al. (2003) and used directly as templates for sequencing with the ABI PRISM version 3.1 kit (Applied Biosystems, Foster City, CA) according to the manufacturer's specifications. Sequencing products were separated on an ABI PRISM 3730 sequencer (PerkinElmer, Norwalk, CT). DNA sequences were obtained on both strands. The orthologous sequences in D. simulans and D. yakuba were obtained from FlyBase (http://flybase.org; Tweedie et al. 2009 ).
DNA sequences were assembled and multiply aligned using the ClustalX program as implemented in DNASTAR (Madison, WI). Electropherograms were visually inspected and all polymorphic sites were checked both in each line and across lines. The multiple alignments were manually edited using the MacClade version 3.06 program (Maddison WP and Maddison DR 1989) . Except for the InR gene (Guirao-Rico and Aguadé 2009), the reported sequences were newly obtained and have been deposited in the EMBL/GenBank Data Library under accession numbers FR870081 to FR870224.
Nucleotide Sequence Analysis
For each of the studied genomic regions, we estimated nucleotide diversity (p; Nei 1987), nucleotide divergence (K), GC content at second codon positions (GC2) and at synonymous third codon positions (GC3s), the effective number of codons (ENC; Wright 1990), Tajima's D (Tajima 1989) , and the normalized Fay and Wu's H statistic (Fay and Wu 2000; Zeng et al. 2006 ) and performed the McDonald and Kreitman (MK) test (McDonald and Kreitman 1991) . Drosophila yakuba and D. simulans were used as outgroups to polarize changes in the D. melanogaster lineage. For those genes with multiple splicing isoforms, we used the variant encoding the longest protein for the analysis. Estimates of synonymous (K s ) and nonsynonymous (K a ) divergence (D. melanogaster-D. simulans comparison) were obtained according to Nei and Gojobori (1986) and subsequently corrected according to Jukes and Cantor (1969) . All analyses were performed using the DnaSP version 5.10.01 program (Librado and Rozas 2009 ).
Network-Level Analysis
The putative association between the position of the insulin signaling pathway components along its upstream/ downstream axis and estimates of nonsynonymous and synonymous polymorphism (p a , p s , and p a /p s ) and divergence (K a , K s , and x 5 K a /K s ) of the encoding genes was evaluated using the nonparametric Spearman's rank correlation coefficient (q). We likewise evaluated the putative correlation between these parameters and either recombination rate, GC content, or codon bias. Unless stated otherwise, one-tailed P values are reported as we had an a priori hypothesis about the direction of the studied associations. Pathway positions, computed as the number of steps required to transduce the signal from InR (position 0) to each of the other pathway proteins (with a maximum of ten steps for RpS6), were obtained as in Alvarez-Ponce et al. (2009) . The association between pathway position and estimates of synonymous and nonsynonymous polymorphism and divergence was further evaluated after controlling for variation in recombination rate, GC content, and codon usage bias. For that purpose, we used two multivariate analysis techniques: partial correlation and path analysis. These analyses were conducted using the pcor function for R (Ihaka and Gentleman 1996) and the AMOS 17 software, respectively. Estimates of the recombination rate were obtained from Hey and Kliman (2002) .
Results and Discussion
Nucleotide Variation
The 13 gene regions analyzed, which include the coding sequences, introns, and 5# and 3# flanking noncoding regions, are distributed along four out of the five major chromosomal arms of D. melanogaster, in regions exhibiting very different rates of recombination (table 1). The length of the sequenced regions ranges from 1,387 to 11,209 bp, with an average value of 5.5 kb (table 1). The numbers of synonymous, nonsynonymous, and silent positions for each gene are provided in supplementary table S1 (Supplementary Material online). Polymorphism at Drosophila Insulin Pathway Genes · doi:10.1093/molbev/msr160 MBE Table 2 summarizes the levels and patterns of polymorphism for each gene. Estimates of nonsynonymous polymorphism are at least one order of magnitude lower than those of silent polymorphism (i.e., polymorphism at synonymous sites and noncoding sites), an indication of stronger functional constraint at nonsynonymous sites. In general, estimates of synonymous polymorphism are higher than estimates of polymorphism at noncoding regions (average estimates of 0.0087 and 0.0048, respectively), which is concordant with previously reported data indicating stronger functional constraint at noncoding regions than at synonymous sites (e.g., Moriyama and Powell 1996; Andolfatto 2005) .
Silent polymorphism estimates vary almost two orders of magnitude among the surveyed genes (ranging from 0.0002 to 0.0130), and they are positively correlated with recombination rates (q 5 0.709, P 5 0.007; fig. 2 ). Because RpS6 is X-linked and there is uncertainty in the actual sex ratio of European populations (Hutter et al. 2007 ), the correlation analysis was also performed: 1) using the empirical ratio of autosomal to X-linked variation as a proxy (Hutter et al. 2007; Orengo and Aguadé, unpublished data) and 2) excluding the RpS6 region from the analysis. The correlation between silent polymorphism and recombination rate does not only hold, but it can be even stronger in the latter cases (q 5 0.709, P 5 0.007 and q 5 0.832, P 5 0.0008, respectively). On the other hand, silent divergence estimates (K sil ) do not significantly correlate with recombination rates (q 5 0.115, P 5 0.707; fig. 2 ), as previously observed (Begun and Aquadro 1992) . These results would favor selective forces with a recombination-dependent effect (Kaplan et al. 1989; Charlesworth et al.1993) , over the putative mutagenic effect of recombination (Ometto et al. 2005) , as the causal agents of the correlation detected in this and previous studies in Drosophila (e.g., Begun and Aquadro 1992; but see also Glinka et al. 2003; Orengo and Aguadé 2004) .
Estimates of both Tajima's D (Tajima 1989) Orengo and Aguadé 2004, unpublished data) . The most extreme D values correspond to genes Pk61c and gig, whereas those for the normalized H statistic occur in the Rheb and Tor genes. The pattern of variation at these genes would depart from the genomewide pattern of variation that mostly reflects the demographic history of the studied population. It should be 1991 ) was performed using polymorphism in D. melanogaster and divergence relative to D. simulans. The test, which could be applied only for the 11 genes that were polymorphic at both synonymous and nonsynonymous sites (table 3), yields significant results for three genes (InR, foxo, and Tor; table 3). In the three cases, the neutrality index (Rand and Kann 1996) is lower than 1, pointing to an excess of nonsynonymous fixed differences between species. The test was also performed considering only changes fixed in the D. melanogaster lineage, with significant results only for the InR gene (table 3; Guirao-Rico and Aguadé 2009). At the IT pathway genes, the evidence for positive selection driving nonsynonymous mutations to fixation is, therefore, not very strong (table 3) 
Network-Level Analysis
The ratio of nonsynonymous to synonymous divergence, x, can be considered as an indicator-in the absence of positive selection and assuming that variation at synonymous sites is selectively neutral-of the strength of purifying selection acting on nonsynonymous mutations (i.e., on amino acid replacements). Our estimates of x are well below 1 (table 4), varying from 0 (at the Rheb and S6k genes, which did not present any nonsynonymous difference between D. melanogaster and D. simulans) to 0.223 (at foxo). Remarkably, x values correlate negatively with the position that the encoded proteins occupy in the pathway (q 5 À0.731, P 5 0.003; fig. 3 ). Moreover, this correlation is mainly due to variation at nonsynonymous sites ( fig. 3 ) since only K a exhibits a significant correlation with pathway position (q 5 À0.657, P 5 0.008 for K a ; q 5 À0.284, P 5 0.174 for K s ). Similar results are obtained using divergence estimates for the D. melanogaster lineage (q 5 À0.626, P 5 0.011 for lineage-specific K a , hereafter Dmel_K a ; q 5 0.154, P 5 0.693 for Dmel_K s ). There is, therefore, a polarity in the strength of purifying selection along the IT pathway, with stronger selection acting on nonsynonymous sites of downstream genes than of upstream genes.
In order to ascertain whether the p a /p s values show the same pattern of variation along the pathway as the x values, we evaluated the relationship between these values and pathway position. The estimates of the p a /p s ratio range from 0.000 (at Pi3K21B, S6k, and RpS6) to 0.195 (at chico) (table 2) and exhibit a significant and negative correlation with pathway position (q 5 À0.515, P 5 0.036). Polymorphism at Drosophila Insulin Pathway Genes · doi:10.1093/molbev/msr160
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As observed for divergence, the correlation is mainly explained by nonsynonymous polymorphism given the significant negative correlation between p a (but not p s ) and pathway position (for p a , q 5 À0.603, P 5 0.015; for p s , q 5 À0. 099, P 5 0.374; fig. 3 ). Similar results were obtained when the correlation analysis was performed taking into account that RpS6 is X-linked and the uncertainty in the actual sex ratio of European populations (see above; results not shown). The present study shows a polarity in the levels of both nonsynonymous polymorphism and divergence along the upstream/downstream axis of the Drosophila IT pathway, with downstream elements being the most constrained. These results corroborate the previously observed polarity for both the x and K a values in comparative genomic analyses of IT pathway genes across six species of the melanogaster group of Drosophila and also across six species of vertebrates (Alvarez-Ponce et al. 2009 . Positive selection could potentially explain such a polarity if selection targeted differentially upstream and downstream genes. However, the 13 genes studied show little evidence for the action of positive selection both at the recent past and at more distant time periods (i.e., since the split of the D. melanogaster and D. simulans lineages). Indeed, both the analysis of the frequency spectrum (as summarized by Tajima's D and the normalized Fay and Wu's H statistics) and the MK test reveal few genes with the footprint of recent events of positive selection (tables 2 and 3). Furthermore, the proteins encoded by these genes are randomly distributed along the IT pathway. Previous codon-based analyses of divergence over a longer evolutionary time period also identified few IT pathway genes evolving under positive selection in Drosophila and in vertebrates (Alvarez-Ponce et al. 2009 Guirao-Rico and Aguadé 2009) . Furthermore, these genes are not the same in the different studies, and additionally, they do not cluster in any particular part of the IT pathway.
Besides the effect of positive selection, other factors might also explain the polarity detected along the IT pathway components. In fact, we find that the rate of recombination, GC content, and the level of codon usage bias (table 1) vary across the IT pathway genes. It is well known that levels of polymorphism can be affected by the rate of recombination as a result of linked selection (Maynard Smith and Haigh 1974; Kaplan et al. 1989; Charlesworth et al. 1993) , whereas GC content and codon bias can affect levels of polymorphism and divergence (Sharp 1991 MBE our network analysis focuses on coding regions, we used GC2 and GC3s as measures of GC content. The highly significant correlation detected between GC3s and ENC (q 5 À0.940, two-tailed P 5 1.88 Â 10
À6
) led us to use only GC2 for further analyses. The bivariate analysis revealed that none of these parameters (recombination rate, GC2, and ENC) correlate significantly with pathway position (table 5), suggesting that they cannot account for the correlation detected between both p a and K a and pathway position.
To control for the putative confounding effects of the aforementioned factors, we performed a partial correlation analysis. We detected a significant negative correlation between p a (and K a ) and pathway position after factoring out the putative effect of recombination rate (for polymorphism), as well as of GC content (GC2) and codon bias (for both polymorphism and divergence) (table 6). These results allow discarding a causal effect of these factors on the gradient in nonsynonymous variation (p a and K a ) observed along the pathway. The partial correlation analysis also yielded a significant result using divergence estimates for the D. melanogaster lineage (table 6) . Furthermore, the path analysis ( fig. 4 and table 6 ) reveals a significant negative association between pathway position and p a (standardized path coefficient, b 5 À0. 402, P 5 0.033) and a nearly significant negative association between pathway position and K a (b 5 À0. 386, P 5 0.058). Moreover, in the lineage-specific path analysis, Dmel_K a values are significantly associated with pathway position (b 5 À0. 618, P 5 0.003). Because codon bias might affect differentially polymorphism and divergence, we performed the partial correlation and path analyses of polymorphism considering only the putative effect of recombination and GC content. Also in this case, there is a significantly negative association between pathway position and p a (q 5 À0.671, P 5 0.003; b 5 À0.524, P 5 0.004).
The path analysis also reveals a significant negative association between ENC and the position of the elements in the pathway ( fig. 4A and B) and a significant positive association between GC2 and nonsynonymous divergence ( fig. 4B ), despite the nonsignificant results of the bivariate correlation analysis (q 5 À0.355, two-tailed P 5 0.233 for ENC, and q 5 0.182, two-tailed P 5 0.552 for GC2). Codon bias, however, does not correlate with p a and K a , neither in the bivariate analysis (q 5 0.518, two-tailed P 5 0.069 for polymorphism, and q 5 À0.292, two-tailed P 5 0.334 for divergence) nor in the path analysis ( fig. 4) . These results agree with those from previous analyses in Drosophila showing a significant correlation between codon bias and pathway position (Alvarez-Ponce et al. 2009 ). Nevertheless, neither codon bias nor GC2 can explain the association detected between p a (and either K a or Dmel_K a ) and position along the IT pathway. Indeed, the partial correlation and path analyses corroborate that these associations are significant even after factoring out the putative confounding effects of codon bias and GC2. Furthermore, results of previous divergence-based studies in Drosophila and vertebrates (Alvarez-Ponce et al. 2009 show that the selective constraint polarity along the IT pathway cannot be explained either by other factors affecting the strength of purifying selection such as gene expression levels, protein length, and connectivity (Duret and Mouchiroud 2000; Pál et al. 2001; Fraser et al. 2002; Subramanian and Kumar 2004; Hahn and Kern 2005) .
Our results clearly indicate that the polarity observed in the strength of purifying selection acting along the IT pathway components since the split of the D. melanogaster and D. simulans lineages is neither a by-product of variation in the rate of recombination, GC content, or in codon usage bias nor an artifact of the sex-linked character of RpS6. Moreover, the polarity detected at these shorter time scales (i.e., after the split of the D. melanogaster and D. simulans lineages and in the recent past of D. melanogaster) mirrors that previously observed in this pathway at a much larger time scale through the comparative genomics analysis performed across species of the melanogaster group of Drosophila (Alvarez-Ponce et al. 2009 ) and also in vertebrates (Alvarez-Ponce et al. 2011) . Although the underlying mechanisms are still unknown, their action holds through time since the same polarity has been detected at very different time scales. This polarity is, therefore, not a specific characteristic of any of these lineages but of the IT pathway itself, that is, it may be intrinsic to the pathway architecture and function. figure 4 for the causal models used.
*P , 0.05, **P , 0.01.
Polymorphism at Drosophila Insulin Pathway Genes · doi:10.1093/molbev/msr160 MBE Noticeably, a polarity in the level of nonsynonymous divergence along pathway components has also been detected in other studies in metabolic pathways-the anthocyanin, isoprene, terpenoid, and carotenoid biosynthetic pathways (Rausher et al. 1999; Lu and Rausher 2003; Sharkey et al. 2005; Rausher et al. 2008; Livingstone and Anderson 2009; Ramsay et al. 2009; Yu et al. 2011 )-and in signaling pathways-the Drosophila Ras signaling pathway (Riley et al. 2003) . In these pathways, upstream genes exhibit lower levels of nonsynonymous variation than downstream genes. The simulation study of Wright and Rausher (2010) revealed that such a polarity along linear biosynthetic pathways might reflect differences in the metabolic control coefficients across enzymes. However, the polarity detected in the aforementioned pathways is opposite to that found in the IT pathway. A possible explanation for this discrepancy might be found in the different distribution of inputs and outputs along pathways. For instance, upstream genes in branched, biosynthetic pathways are often involved in the biosynthesis of a higher number of biochemical components than downstream genes and can thus be more pleiotropic. Nevertheless, despite the fact that the available functional information on the IT pathway components is incomplete, a preliminary analysis of their connection pattern with other pathways did not reveal a higher number of inputs than outputs (Alvarez-Ponce et al. 2009 .
It is still premature to establish the effect of the input/ output distribution, and hence the biological meaning of the pathway structure, on the distribution of selective constraints along pathways. Nevertheless, two recent analyses of a metabolic pathway (Montanucci et al. 2011 ) and a signal transduction pathway (Wu et al. 2010 ) have detected higher selective constraint levels in the downstream elements. Even though the statistical significance in these analyses disappears after controlling for some confounding factors, the trend is similar to our findings in the IT pathway and contrasts with previous observations in a number of pathways. Although it is too early to establish similarities, differences, or general trends among anabolic, metabolic, and signal transduction pathways, their distinctive functional architectures might underlie the singular patterns of selective constraint detected along network or pathway components. 
